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Preface 


The  model  investigation  reported  herein  was  authorized  by  the  Headquar-  ^ 

ters,  U.S.  Army  Corps  of  Engineers,  on  9  April  1985  at  the  request  of  the 
U.S.  Army  Engineer  District,  Seattle.  The  investigation  was  stopped  by  the 
Seattle  District  on  15  June  1987  and  restarted  on  15  December  1987,  due  to 
problems  associated  with  siting  the  intake  structure. 

The  studies  were  conducted  during  the  period  April  1985  to  July  1991  in  • 

the  Hydraulics  Laboratory  (HL)  of  the  U.S.  Army  Engineer  Waterways  Experi¬ 
ment  Station  (WES),  under  the  direction  of  Messrs.  F.  A.  Herrmann,  Jr., 

Director,  HL,  and  R.  A.  Sager,  Assistant  Director,  HL;  and  under  the  general 
supervision  of  Messrs.  G.  A.  Pickering,  Chief,  Hydraulic  Structures  Division 
(HSD),  HL,  and  J.  F.  George,  Chief,  Locks  and  Conduits  Branch  (LCB),  HSD. 

Tests  were  conducted  by  Messrs.  C.  H.  Tate,  Jr.,  J.  Cessna,  T.  Murphy,  and  V.  * 

Stewart,  LCB,  and  the  report  was  prepared  by  Mr.  Tate. 

The  model  was  constructed  by  Messrs.  Edward  A.  Case,  Joseph  M.  Lyons, 
and  Mitchell  A.  Simmons  of  the  Model  Shop,  Engineering  and  Construction 

Services  Division,  WES,  under  the  supervision  of  Mr.  Sidney  J.  Leist,  Chief  of  ^ 

the  Model  Shop. 

COL  Phillip  Hall,  Commander,  Seattle  District;  Messrs.  R.  P.  Sellevold, 

Dick  Regan,  Jim  Lencioni,  Ed  Zappei,  and  Paul  Noyes  of  the  Seattle  District; 

Mr.  Bruce  McCartney  of  the  U.S.  Army  Engineer  Division,  North  Pacific;  and 

Mr.  Sam  Powell  of  the  Headquarters,  U.S.  Army  Corps  of  Engineers,  visited  • 

WES  during  the  course  of  the  model  study  to  observe  model  operation  and 
correlate  results  with  concurrent  design  works. 

At  the  time  of  publication  of  this  report.  Director  of  WES  was 
Dr.  Robert  W.  Whalin.  Commander  was  COL  Bruce  K.  Howard,  EN.  _ 


iv 


L 


•  •  •  • 


•  •  •  • 


Conversion  Factors, 
Non-SI  to  SI  Units  of 
Measurement 


Non-SI  units  of  measurement  used  in  this  report  can  be  converted  to  SI  units 
as  follows: 


MuMply 

By 

To  Obtain 

cubic  teat 

0.02831685 

cubic  meters 

degrees  (angle) 

0.01745329 

radians 

tael 

0.3048 

meters 

tael  of  water  (39.2  *F) 

2  98898 

Idlopaacals 

Indies 

2.54 

mites  (U.S.  statute) 

1.609347 

kilometers 
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Introduction 


The  Prototype 

Mud  Mountain  Dam  is  located  on  the  White  River  approximately  8  miles^ 
southeast  of  Enumclaw  in  west-central  Washington  (Figure  1).  The  headwaters 
of  the  White  River  are  on  the  northeast  slopes  of  Mount  Rainier,  which  has 
had  historic  volcanic  activity.  Mud  Mountain  Dam  is  an  earth-  and  rock-fill 
structure  built  primarily  during  1939-1942  and  officially  finished  in  1953.  It 
serves  as  a  major  flood  control  element  for  the  Puyallup  River  Basin  above 
Tacoma,  WA.  The  dam  is  a  single-purpose  project  for  flood  control,  and  no 
conservation  pool  is  maintained  above  the  dam.  Flow  is  stored  as  required  to 
prevent  levee  overtopping  in  the  lower  Puyallup  Valley.^  The  project  has  a 
maximum  authorized  flood  control  release  of  17,600  cfs.  Due  to  conditions  in 
the  channel  downstream  from  the  dam  and  upstream  from  the  project’s  flood 
control:  location,  bank-full  capacity  of  the  channel  immediately  downstream  of 
the  dam  is  approximately  8,000  to  10,000  cfs. 

The  existing  project  has  two  separate  flood  control  outlet  tunnels  with  sepa¬ 
rate  intake  structures  (Figure  2).  An  1,800-ft-long,  9-ft-horseshoe  gated  tunnel 
passes  the  flow  from  the  bottom  of  the  approach  channel  (Figure  2  and 
Plate  1)  and  is  subjected  to  high  sediment  flows  as  a  result  of  previous  Mount 
Rainier  volcanic  activity.  This  tuimel  flows  full  at  discharges  Q  of  2,000  to 
2,500  cfs  with  a  maximum  capacity  of  approximately  4,600  cfs.  A  2,000-0- 
long,  23-ft-diam  tunnel  with  a  slope  of  0.0102  releases  flood  flows  from 
higher  in  the  flood  control  pool  (Figwe  2  and  Plate  2)  and  is  not  usually  sub¬ 
jected  to  high  sediment  flows.  The  downstream  45  percent  of  the  23-ft-diam 
tunnel  houses  three  8.5-ft-diam  penstocks  carrying  flow  to  the  outlet  where 
flow  is  controlled  with  fixed-cone  valves.  The  project  also  has  a  315-ft-wide 
uncontrolled  spillway  (Figure  2)  to  pass  flows  greater  than  can  be  handled  with 
the  tunnels. 


'  A  table  of  factors  for  converting  non-SI  units  of  measurement  to  SI  units  is  presented  on 
Mgev. 

^  U.S.  Army  Engineer  District,  Seattle.  (1986).  ‘Dam  Safety  Assurance  Program,  Mud 
Mountain  Dam,  Washington,’  General  Design  Memorandum  No.  26,  Seanie,  WA. 
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Figure  2  Intake  towers  and  vicinity  White  River  flows  from  botl 
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Engineering  studies  by  the  U.S.  Army  Engineer  District,  Seattle,  concluded 
that  the  use  of  the  project  without  modifications  could  result  in  dam  failure  by 
overtopping  during  a  Spillway  Design  Rood  or  from  loss  of  reservoir  control 
caused  by  blockage  of  the  outlet  tunnels  by  the  large  quantity  of  debris  and 
sediment  present  in  the  system.  The  reconnaissance  report  recommended 
several  modiEcations  including  a  new  intake  tower  and  modifying  the  controls 
to  the  23-ft-diam  tunnel.  A  plan  was  developed  by  the  Seattle  District^  that 
included  constructing  a  new  50-ft-diam  intake  tower  that  contained  the 
entrance  and  control  gate  for  the  9-ft-horseshoe  tunnel  and  two  intakes  and 
control  gates  at  different  elevations  for  the  23-ft-diam  tunnel.  The  tower  was 
designed  to  function  as  a  large  trashrack  to  handle  the  sediment  and  debris 
conditions  at  Mud  Mountain  Dam.  Structural  design  of  the  trashrack  elements 
was  based  on  a  maximum  pressure  differential  of  SO  ft  across  the  trashrack. 
The  existing  tunnels  were  connected  to  the  new  tower  with  curved  connecting 
tunnel  sections  (Plate  3).  This  design  removed  the  fixed-cone  valves  and  pen¬ 
stocks  from  the  23-ft-diam  tunnel  and  added  a  horizontally  curved  flip  bucket 
exit  structure  to  direct  the  flow  into  the  center  of  the  exit  channel.  The  design 
flow  of  17,600  cfs  at  the  design  pool  elevation  of  1215^  was  split  with 
4,600  cfs  passing  through  the  9-ft-horseshoe  tunnel  and  13,000  cfs  passing 
through  the  23-ft-diam  tunnel.  Capacity  of  the  modified  23-ft-diam  tunnel  was 
designed  to  be  greater  than  the  13,000-cfs  design  discharge. 
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Purpose  and  Scope  of  Study 

This  study  was  conducted  to  determine  the  hydraulic  adequacy  ol  the 
design  proposed  by  the  Seattle  District.  The  model  study  was  designed  to 
determine  the  approach  conditions  to  the  intake  tower  and  the  flow  conditions 
through  the  intake  tower,  the  tunnel  entrances,  the  transitions  to  the  23-ft-diam 
tunnel,  the  modified  23-ft-diam  tunnel,  the  exit  structure,  and  the  exit  channel. 
Where  necessary,  new  designs  were  developed  and  alternative  designs  tested. 
Extreme  blockage  conditions  of  the  intake  tower  were  tested  to  verify  assumed 
trashrack  pressure  losses  and  discharge  characteristics. 


*  U.S.  Army  Engineer  District,  Seattle,  op  cit.  0 

^  All  elevations  (el)  and  stages  cited  herein  are  in  feet  referred  to  the  National  Geodetic 
Vertical  Datum  (NGVD). 
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2  Physical  Model 


Description 

• 

A  l:30-scale  model  was  used  to  test  the  original  design  proposed  by  the 
Seattle  District  and  several  alternative  designs  and  modificatbns.  The  intake 
tower  and  near  field  topography  were  constructed  in  a  21.5-ft  diam,  12-ft-high 
(model)  steel  tank.  Approximately  350  ft  of  approach  geo’.netry  was  simulated 

(Photo  1).  The  50-ft-diam  intake  tower,  the  entire  23  ft-diam  tunnel,  and  all  • 

connecting  structures  were  constructed  using  clear  acrylic  plastic.  The  original 

design  connecting  structures  consisted  of  two  16-ft-high  tunnels  downstream 

from  the  tainter  gates  that  joined  at  the  downstream  end  of  the  splitter  wall, 

the  transition  from  rectangular  to  23-ft-high  flat-bottom  horseshoe-shaped 

tunnel,  the  500-ft-radius  curve,  and  the  transition  from  horseshoe  to  existing 

circular  tunnel  (Plates  3  and  4).  To  correctly  model  the  flow  fields  in  the  * 

proposed  intake  tower,  the  intake  and  gate  for  the  9-ft-horseshoe  tunnel  were 
reproduced  in  the  model  (Plate  5).  The  original  design  flip  bucket  exit  struc¬ 
ture  was  included  in  the  exit  area,  which  reproduced  approximately  300  ft  of 
the  exit  channel  up  to  el  900.  The  exit  area  was  constructed  of  hard  foam 

with  a  thin  concrete  mortar  coating  and  designed  to  accommodate  preformed  ^ 

channel  scour  up  to  40  ft  deep  (Photo  2). 

Flow  to  this  model  was  supplied  through  a  circulating  system.  Discharges 
were  measured  with  paddle-wheel  flowmeters  and  controlled  with  gate  valves. 

Point  gages,  external  scales,  and  free-surface  piezometers  were  used  to  measure 

water-surface  elevations  throughout  the  model  Velocities  were  measured  in  • 

the  model  with  propeller  meters.  Flow  conditions  were  observed  for  the  dif¬ 
ferent  designs  tested  with  flow  conditions  being  recorded  photographically. 


Scale  Relations 


The  accepted  equations  of  hydraulic  similitude,  based  on  the  Froudian  crite¬ 
ria,  were  used  to  express  mathematical  relations  between  the  dimensions  and 
hydraulic  quantities  of  the  model  and  prototype.  General  relations  for  the 
transference  of  model  data  to  prototype  equivalents  are  in  the  following  tabula¬ 
tion.  Model  measurements  of  discharge,  water-surface  elevations,  and 


•  •  • 


•  • 
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velocities  can  be  transferred  quantitatively  to  prototype  equivalents  by  means 
of  the  scale  relations. 


CharacteriaUc 

Olmenslon* 

Scale  Relations 
HodeliPrototypa 

Length 

1:30 

Atm 

1:900 

Velocity 

1:5.477 

Discharge 

1:4,930 

Roughness  coefficient 

1:1.763 

^  OirrMnsions  in  terms  of  length. 

Tunnel  Adjustment 

The  coefficient  of  roughness  of  the  surface  of  the  acrylic  plastic  used  for 
the  model  tunnel  had  previously  been  determined  to  be  approximately  0.009 
(Manning’s  n).  Basing  similitude  on  the  Froudian  relation,  the  n  value  would 
be  equivalent  to  a  prototype  n  of  0.016.  The  n  value  used  in  the  design  and 
analysis  of  the  prototype  tunnel  varied  from  0.013  to  0.018;  therefore,  the 
model  tunnel  slope  downstream  from  the  connecting  curve  was  adjusted  to 
correct  for  this  difference  in  the  n  values  of  the  model  and  prototype.  The 
tunnel  downstream  of  the  gates  to  the  downstream  end  of  the  connecting  tun¬ 
nel  was  not  adjusted  because  the  jet  downstream  of  the  gates  is  not  distortable 
and  would  not  correctly  follow  a  distorted  invert. 
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Original  Design 

Discharge  rating  relations 

Initial  testing  of  the  original  design  was  directed  toward  developing  dis¬ 
charge  rating  relations  for  several  release  configurations.  Pool  elevation  versus 
discharge  relations  were  determined  for  the  23-ft-diam  tunnel  with  high  pool 
elevations  and  the  9- ft- horseshoe  tunnel  gate  closed  to  determine  the  maximum 
capacity  of  the  intakes  to  the  23-ft-diam  tunnel.  The  relations  that  were 
developed  and  plotted  in  Plate  6  should  not  be  extended  below  pool  el  990. 

At  lower  pool  elevations,  the  velocity  through  the  trashrack  increased  causing 
additional  energy  losses  and  slightly  lower  discharges  for  a  given  pool  eleva¬ 
tion  than  indicated  by  the  curves  plotted  in  Plate  6.  Pool  el  1215  is  the  maxi¬ 
mum  design  elevation  for  operation  of  the  flood  control  intakes  and  is  the 
maximum  value  shown  in  Plate  6.  The  maximum  capacity  of  the  23-ft-diam 
tunnel  intakes  was  approximately  19,500  cfs. 

Discharge  rating  curves  for  partial  gate  evenings  were  developed  for  gate  1 
and  are  shown  in  Plate  7.  A  discharge  rating  curve  for  both  gates  1  and  2 
fully  open  (11.5  ft)  is  also  shown  in  this  plate. 

The  discharge  capacity  and  trashrack  pressure  differential  of  the  proposed 
intake  tower  were  determined  for  two  trashrack  blockage  and  sediment  inflow 
conditions.  The  first  was  with  the  tower  completely  blocked  up  to  el  1080  and 
75  percent  blocked  (by  area)  between  el  1080  and  1100.  This  condition,  as 
simulated  in  the  model  and  illustrated  in  Photo  3,  represents  the  estimated 
sediment  buildup  and  debris  blockage  from  a  Standard  Project  Flood  (SPF) 
condition  as  determined  by  the  Seattle  District.  TTie  model  results  are  shown 
in  Plate  8  with  the  computed  discharge  curve  supplied  by  the  Seattle  District. 
Due  to  the  way  the  model  was  constructed  with  a  sheet  metal  lip  at  the  top  of 
the  tower,  the  pool  elevations  shown  for  flows  between  7,000  and  15,000  cfs 
are  artificially  high  as  indicated  with  a  bar  drawn  between  el  1100  and  the  data 
points.  Pool  elevations  below  1110  could  result  in  free-falling  flow  in  the 
tower  with  gates  1  and  2  both  open.  For  nonfree-falling  conditions,  the 
measured  pressure  differential  between  the  pool  and  the  inside  of  the  tower  is 
shown  on  the  right  side  of  Plate  8  and  is  less  than  the  design  value  of  50  ft. 
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For  this  condition,  the  model  results  indicated  the  structure  would  pass  more 
than  the  computed  flow.  The  second  blockage  condition  was  with  the  tower 
completely  blocked  up  to  el  1015  and  90  percent  blocked  between  el  1015  and 
1 100  representing  the  estimated  sediment  buildup  and  debris  blockage  from  the 
Project  Design  Flood  (PDF)  condition.  The  PDF  is  estimated  to  have  a  recur¬ 
rence  interval  significantly  longer  than  once  in  500  years.  Test  results,  shown 
in  Plate  9,  indicate  the  intake  tower  will  pass  more  than  the  authorized  flood 
control  discharge  of  17,600  cfs  at  pool  el  1215.  Pool  elevations  below  1110 
could  result  in  free-falling  flow  in  the  tower  with  gates  1  and  2  both  open. 

For  nonfree-falling  conditions,  the  measured  pressure  differential  between  the 
pool  and  the  inside  of  the  tower  is  shown  on  the  right  side  of  Plate  9  and  is 
less  than  the  design  value  of  50  ft.  For  both  blockage  conditions,  a  strong 
vortex  formed  over  the  intake  tower  for  pool  elevations  between  1 100  and 
1120,  but  decreased  in  intensity  before  disappearing  at  an  approximate  pool 
elevation  of  1150.  An  example  of  the  vortex  is  shown  in  Photo  4  at  a  pool 
elevation  of  around  1110.  The  vortex  stabilized  over  a  specific  opening  in  the 
top  of  the  tower,  which  indicated  that  flow  conditions  were  specific  to  the  type 
cf  blockage  that  occurred.  Prototype  flow  conditions  between  pool  el  1100 
and  1150  may  vary  from  those  observed  in  the  model  due  to  the  nature  of  the 
blockage. 


Pressures 

Pressures  in  the  intakes  were  monitored  upstream  from  gates  1,  2,  and  3. 

Observed  average  pressures  indicate  that  significant  negative  pressures  could 
occur  along  and  near  the  floor  of  the  intake  to  gate  1  with  the  gate  fully  open 
and  the  pool  elevation  above  1065.  The  lowest  pressures  were  observ«J  in  the 
center  of  the  bottom  of  the  intake.  Plots  of  the  observed  pressures  for  fully 
open  gates  are  shown  in  Plates  10-25  and  the  data  are  in  Tables  1-5.  The 
minimum  pressures  could  be  raised  to  10  ft  below  the  piezometer  elevations 
(the  normally  applied  limit  to  avoid  cavitation)  by  closing  the  gate  to  a  99  per¬ 
cent  open  position.  Plots  of  observed  intake  floor  pressures  with  a  gate  open¬ 
ing  of  10.5  ft  are  shown  in  Plates  26-28  and  the  data  are  in  Table  6.  Center- 
line  invert  pressures  were  also  recorded  for  tunnels  1  and  2  between  sta  3-f60 
(approximately  the  gate  seat)  and  4-t-55,  shown  in  Plates  29  and  30.  There 
were  no  adverse  pressure  conditions  observed  at  these  locations. 

Flow  conditions 

Intake  tower.  Gate  openings  greater  than  50  percent  on  gates  1  and  2 
caused  increasingly  severe  vortex  action  with  increasing  gate  opening  inside 
the  intake  tower  at  pool  elevations  below  1000.  For  these  conditions,  a  large 
vortex  formed  to  the  outside  of  the  intake  to  the  open  gate.  Vortex  formation 
was  also  observed  with  only  gate  3  operating  and  pool  elevations  below  960. 

For  these  conditions,  a  vortex  formed  off  the  center  splitter  wall  and  crossed  in 
front  of  the  intake  to  the  9-ft  tunnel  while  another  vortex  formed  at  the  splitter 
wall. 
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General  hydraulic  conditions  were  observed  at  pool  el  1120  with  the  intake 
tower  blocked  up  to  el  960.  Gate  3  was  set  to  release  the  approximate  tunnel 
flow  capacity  of  3,900  cfs  and  gates  1  and  2  were  varied.  Gate  1  was  initially 
set  fully  open  and  gate  2  was  closed.  The  gates  were  then  moved  in  25  per¬ 
cent  increments  until  gate  1  was  closed  and  gate  2  was  fully  open.  These  tests 
were  also  conducted  with  gate  3  closed.  No  adverse  hydraulic  conditions  were 
observed  in  the  intake  tower  for  these  tests. 

Tunnel.  Open-channel  flow  conditions  were  maintained  in  the  23-ft-diam 
tunnel  for  all  conditions  tested.  The  tunnel  slope  in  the  model  downstream 
from  the  connecting  curve  was  adjusted  to  reproduce  the  energy  gradient  for  a 
Manning's  n  value  of  0.018  with  the  original  design.  For  single  gate  opera¬ 
tion,  flow  through  gate  2  rode  the  right  side  of  the  curve  downstream  of  the 
gates  and  flowed  fairly  smoothly  throughout  the  structure  (Photos  S  and  6). 
Flow  through  gate  1  was  not  as  smooth  with  single  gate  operation.  At  full 
pool  and  full  gate  operation,  the  surface  of  the  jet  downstream  of  the  gate 
intermittently  impacted  the  gate  trunnion  recess  and  tended  to  adhere  to  the  top 
of  the  16-ft-high  tunnel  immediately  downstream  of  the  gates.  Very  minor 
throttling  of  the  control  gate  significantly  stabilized  the  jet  downstream  of  the 
gate.  Once  downstream  of  the  splitter  wall,  the  flow  crossed  the  tunnel  and 
impacted  the  right  side  of  the  curve  (Photo  7).  This  impact  and  sudden  direc¬ 
tion  change  caused  the  flow  to  toll  over  the  tunnel  and  then  to  slosh  back  up 
the  side  of  the  tunnel  at  approximately  the  transition  to  the  existing  circular 
tunnel  (Photo  8).  This  difference  in  flow  conditions  resulted  in  various 
degrees  of  energy  dissipation  in  the  curve  and  affected  flow  conditions  at  the 
tunnel  exit  Flow  at  the  design  pool  with  both  gates  fully  open  is  shown  in 
Photos  9  and  10.  Discharge  for  this  condition  is  approximately  19,500  cfs, 
which  is  significantly  greater  than  the  design  discharge  of  13,000  cfs  and  the 
maximum  project  authorized  flood  control  discharge  of  17,600  cfs.  As  with 
single  gate  operation,  flow  intermittently  impacted  the  gate  trunnion  recess  and 
tended  to  adhere  to  the  top  of  the  16-ft-high  tunnel  downstream  of  gate  1. 

Flow  rode  the  right  side  of  the  curve  downstream  of  the  gates  and  rolled  over 
the  tunnel  near  the  downstream  end  of  the  connecting  curve.  Within  approxi¬ 
mately  100  ft  downstream  of  the  curve,  a  major  portion  of  the  flow  sloshed 
back  over  the  top  of  the  tunnel  as  a  broken  spray  nearly  filled  the  tunnel. 
Gosing  the  air  vents  downstream  of  the  gates  did  not  affect  flow  conditions, 
indicating  that  the  tunnel  was  not  priming  or  flowing  full  with  both  gates  fully 
open. 

Exit  structure.  The  proposed  design  for  the  exit  structure  did  not  ade¬ 
quately  turn  the  flow  downstream,  which  resulted  in  the  exit  flow  impacting  at 
the  base  of  the  bluff  opposite  the  exit  structure  (Photo  11).  Due  to  the  flip 
bucket  design  of  the  exit  structure,  a  hydraulic  jump  formed  in  the  tunnel  near 
the  exit  structure  at  low  flows  and  nearly  blocked  the  tunnel  before  being 
swept  out  with  increasing  flow.  Due  to  the  extreme  turbulence  in  the  exit 
channel  and  the  relatively  short  length  of  the  model  exit  channel,  it  was  not 
possible  to  accurately  simulate  the  computed  prototype  tailwater  elevations. 
Most  testing  was  conducted  without  model  tailwater  to  determine  the  impact 
location  of  the  exit  flow  in  the  exit  channel. 


Alternate  Designs 

Type  2  design  connecting  curve 

Observation  of  flow  conditions  in  the  original  SOO-ft-radius  connecting 
curve  led  to  a  decision  to  try  a  shorter  radius  connecting  curve.  A  primary 
benefit  of  using  a  shorter  radius  curve  was  that  additional  existing  tunnel  could 
be  used  and  less  new  tunnel  would  need  to  be  constructed  with  a  significant 
cost  reduction.  Discussions  between  the  U.S.  Army  Engineer  Waterways 
Experiment  Station  and  the  Seattle  District  resulted  in  testing  a  2S0-ft-radius 
connecting  curve  with  a  23-ft-diam  circular  cross  section  (type  2  design  con¬ 
necting  curve).  The  type  2  design  connecting  curve  was  used  to  replace  the 
original  500-ft-radius  curve,  which  had  a  flat  bottom  horseshoe  cross  section, 
saving  over  60  ft  of  the  existing  23-ft-diam  tunnel  (Plate  31).  The  reduced 
radius  permitted  the  transition  from  rectangular  to  circular  cross  section  to  be 
located  in  the  straight  reach  of  tunnel  immediately  upstream  of  the  connecting 
curve.  The  portion  of  tunnel  from  upstream  of  the  curve  to  the  gates  was  con¬ 
structed  with  the  roof  of  each  section  of  the  tunnel  at  the  same  elevation.  This 
resulted  in  the  roof  of  tunnel  1  being  23  ft  high  and  the  roof  of  tunnel  2 
sloping  from  23  ft  high  at  the  upstream  end  of  the  transition  to  approximately 
30  ft  high  at  the  gate  trunnion.  This  portion  of  the  tunnel  was  constructed  to 
allow  the  tunnel  roof  to  be  lowered  to  test  other  tunnel  height  designs.  The 
gate  trunnions  were  unchanged  in  the  model  from  the  original  design.  The 
circular  cross  section  through  the  curve  was  more  energy  efficient  than  the 
original  design,  resulting  in  improved  flow  conditions  and  reduced  flow  depths 
in  the  downstream  tunnel.  Flow  conditions  in  the  tunnel  from  downstream  of 
the  gates  to  downstream  of  the  connecting  curve  for  pool  el  1215  and  gates  1 
and  2  fully  open  (maximum  discharge  condition)  are  shown  in  Photos  12  and 
13.  With  both  gates  fully  open,  the  flow  spiraled  twice  around  the  inside  of 
the  tunnel  before  remaining  basically  on  the  invert.  Flow  conditions  with  the 
design  pool  elevation  with  only  gate  1  fully  open  are  shown  in  Photos  14  and 
IS  and  with  only  gate  2  fully  open  in  Photos  16  and  17.  With  only  gate  1 
fully  open,  the  flow  passed  over  the  top  of  the  tunnel  once,  while  for  only  gate 
2  fully  open,  the  flow  rode  the  right  side  of  the  connecting  curve  and  did  not 
go  over  the  top  of  the  tunnel.  Photos  18  and  19  show  flow  conditions  in  the 
tunnel  for  the  design  pool  el  1215,  with  a  13,0(X)-cfs  discharge  (the  design 
condition)  with  equal  gate  openings. 

Water-surface  elevations  along  the  left  wall  downstream  of  gate  1  and 
upstream  of  the  connecting  curve  were  highly  variable  for  full  gate  openings  at 
high  pools.  At  times  the  How  occasionally  struck  the  trunnion.  Maximum 
flow  depths  along  the  left  wall  of  tunnel  1  are  shown  in  Plate  32,  and  along 
the  right  wall  of  tunnel  2  in  Plate  33,  for  several  flow  conditions.  These  maxi¬ 
mum  flow  depths  are  representative  of  maximum  flow  runup  on  the  outside 
walls  and  not  the  general  flow  depth  or  the  general  flow  runup.  The  runup 
flow  was  generally  less  than  2  ft  thick  along  the  outside  walls.  For  partial  gate 
openings,  the  flow  depth  immediately  downstream  of  the  gates  was  generally 
less  than  the  height  of  the  gate  opening.  At  full  gate  opening,  the  flow  depth 
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was  generally  less  than  12  ft  but  exhibited  surges  where  the  water  surface 
flashed  to  greater  depths. 

The  depth  of  flow  in  the  23-ft-diam  tunnel  downstream  of  the  connecting 
curve  is  shown  in  Plate  34  for  several  flow  scenarios.  For  discharges  greater 
than  approximately  14.000  cfs,  flow  exiting  the  connecting  curve  ^iraled 
around  the  outside  of  the  tunnel  prior  to  settling  on  the  bottom  of  the  tunnel 
about  100  ft  downstream  of  the  connecting  curve.  This  condition  is  evident  in 
the  highly  variable  flow  depths  shown  for  the  upstream  section  of  the  tunnel  in 
Plate  34.  The  spiraling  flow  did  not  seal  the  tunnel  or  set  up  a  potential  tunnel 
priming  situation. 


Exit  structure  modifications 

Several  modifications  to  the  exit  structure  were  tested  to  develop  a  design 
that  would  place  the  majority  of  the  flow  impact  near  the  center  of  the  exit 
channel  and  away  from  the  right  bank  of  the  exit  channel.  A  simple  circular 
curved  extension  (type  2  design  exit  structure)  to  the  tunnel  was  not  acceptable 
due  to  the  distance  the  exit  structure  was  required  to  extend  into  the  exit  chan¬ 
nel.  Several  elliptical  curve  combinations  were  tested  to  develop  the  combi¬ 
nation  required  to  place  the  flow  impact  in  the  desired  location  in  the  exit 
channel  (type  3-7  design  exit  structures).  The  type  7  design  exit  structure 
shown  in  Plate  3S  met  the  impact  location  goal.  The  slope  of  the  existing 
tunnel  was  continued  through  the  exit  structure  with  this  design.  Varying 
radius  30-ft-long  fillets  were  used  in  the  bottom  quadrants  of  the  exit  structure 
to  transition  the  23-ft-diam  tunnel  to  a  rectangular  section.  Flow  conditions 
through  the  exit  structure  and  into  the  exit  channel  (without  tailwater)  are 
shown  in  Photos  20  and  21  for  a  discharge  of  19,500  cfs  at  pool  el  1215  with 
both  gates  fully  open.  Water-surface  elevations  along  the  left  and  right  walls 
of  the  type  7  design  exit  structure  are  shown  in  Plates  36  and  37  for  several 
flow  conditions.  Piezometers  were  installed  in  the  floor  and  left  wall  of  the 
type  7  design  exit  structure  as  shown  in  Plate  38.  Pressures  for  various  flow 
conditions  are  shown  in  Tables  7-16.  Impact  areas  for  the  exiting  flow  are 
shown  for  several  flow  conditions  in  Plates  39-45.  The  grid  shown  in  these 
plates  is  25  ft  by  25  ft  and  is  deflected  45  deg  to  the  right  of  the  tunnel  center 
line  at  the  extended  sta  21+50.  The  model  was  tested  through  the  anticipated 
discharge-tailwater  relationship  without  the  tailwater  impacting  the  flow 
through  the  exit  structure.  The  tunnel  was  forced  to  prime  by  manually 
obstructing  the  exit,  then  removing  the  obstruction,  resulting  in  the  tunnel 
rapidly  returning  to  open-channel  flow. 


Intake  tower  modifications 

Strong  vortices  formed  inside  the  original  design  intake  tower  for  large  gate 
openings  and  pool  elevations  below  approximately  1020.  Although  the  vortex 
conditions  were  not  unacceptable,  an  effort  was  made  to  minimize  the  vortex 
action.  Due  to  the  large  amount  of  floating  debris  that  could  pass  through  the 
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trashrack,  most  of  the  typical  vortex  suppression  methods  could  present  opera¬ 
tional  or  maintenance  problems  in  this  structure.  Several  arrangements  of 
horizontal  beams  located  at  el  960  were  studied  with  the  intention  of  reducing 
the  vortex  strength  (type  1-4  design  baffles).  Best  results  were  obtained  with 
the  type  4  design  baffle,  which  was  3  ft  wide  by  5  ft  deep,  with  the  top  of  the 
beam  located  at  el  960.  Ihe  plan  location  of  the  beams  is  shown  in  Plate  46. 
Maximum  average  velocities  in  the  vortices  that  remained  with  this  design 
were  observed  at  pool  el  1008,  and  those  velocities  just  above  the  beams  are 
shown  in  Plate  47.  Descriptions  of  the  vortex  activity  without  beams  and  with 
the  type  4  design  baffle  are  in  Tables  17  and  18,  respectively. 

Based  on  a  value  engineering  suggestion,  the  Seattle  District  developed  a 
new  intake  tower  design  (type  2  design  intake  tower).  The  type  2  design 
intake  tower  differed  from  the  original  design  primarily  in  that  the  rear  deck 
was  lowered  from  el  1040  to  970  and  the  air  shaft  was  moved  away  from  the 
trashrack,  as  shown  in  Photo  22  and  Plate  48.  The  structural  members  of  the 
tower  remained  the  same  as  the  original  design. 

Vortex  conditions  were  improved  with  the  type  2  design  intake  tower. 
Vortices  were  present  inside  the  intake  tower  for  pool  elevations  up  to  1022, 
but  were  not  as  strong  or  as  large  as  those  observed  in  the  original  design.  A 
description  of  the  vortex  activity  is  provided  in  Table  19. 

In  an  effort  to  simplify  construction,  the  downstream  deck  was  raised  from 
el  970  to  976,  tying  the  deck  to  the  lower  edge  of  a  trashrack  compression  ring 
with  the  top  at  el  980  (type  3  design  intake  tower).  Vortex  activity  was 
similar  to  that  of  the  type  2  design  intake  tower.  The  type  4  design  vortex 
suppression  baffle,  developed  for  the  original  design  intake  tower,  was  tested 
with  the  type  3  design  intake  tower  and  had  minimal  impact  on  the  vortex 
activity.  A  spider  web  shaped  baffle,  with  seven  longitudinal  ribs  and  two 
equally  spaced  connecting  members,  was  installed  on  the  downstream  half  of 
the  intake  tower  (type  S  design  baffle).  Tests  indicated  that  this  design 
decreased  vortex  action,  but  not  significantly.  The  connecting  members  were 
removed  (type  6  design  baffle)  resulting  in  little  impact  on  the  vortex  action. 
Numerous  other  devices  were  tested  with  little  success.  Based  on  test  results 
of  previous  designs,  the  Seattle  District  furnished  a  design  that  satisfied  the 
structural  and  seismic  requirements.  This  design  (type  7  design  baffle) 
included  four  inverted  T-shaped  horizontal  beams  and  numerous  vertical  ribs 
attached  to  the  upper  trashrack  members,  as  shown  in  Photo  23.  The  type  7 
design  baffle  significantly  reduced  the  vortex  activity.  Test  results  are 
provided  in  Table  20. 

The  pool  elevation  versus  discharge  relation  for  the  23-ft-diam  tunnel  with 
gates  1  and  2  fully  open  was  developed  for  the  type  3  design  intake  tower 
without  the  type  7  baffle  and  was  found  to  be; 


discharge,  cfs  =  1,255  (pool  el  -  921.82)*^'^ 
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The  23-ft-diain  tunnel  discharge  at  pool  el  1215  was  approximately  21,500  cfs. 
The  addition  of  the  type  7  design  baffle  to  the  type  3  design  intake  lower 
noticeably  reduced  the  discharge  capacity  of  the  structure  due  to  the  additional 
energy  loss  caused  by  the  baffle.  A  rating  relation  was  not  determined  for  this 
condition  because  the  23-ft-diam  tuimel  was  still  capable  of  passing  the 
project’s  maximum  authorized  flood  control  release  of  17,600  cfs. 


Tunn«l  flow  conditions 

Water-surface  elevations  along  the  outside  walls  downstream  of  gates  1  and 
2  were  monitored  for  the  type  3  design  intake  tower  with  and  without  the 
type  7  design  baffle.  The  maximum  water-surface  depth  above  the  invert  is 

shown  in  Plates  49  and  50  for  flows  through  tunnels  1  and  2  without  the  * 

type  7  design  baffle.  These  are  the  maximum  depths  along  the  outside  walls 

and  are  not  representative  of  the  average  depths  in  each  tunnel.  Generally, 

flow  stayed  less  than  18  ft  above  the  floor  along  the  outside  walls  with 

occasional  surges  to  the  depths  shown  in  Plates  49  and  50.  Flow  did  not  strike 

the  23-ft-high  roof  or  the  gate  trunnions.  The  jets  downstream  of  the  gates  ^ 

were  more  variable  with  the  type  7  design  baffle  in  place,  as  shown  in 
Plates  51  and  52.  The  maximum  flow  depth  almost  reached  the  model  roof  in 
tunnel  1  for  this  design  combination. 

Decreased  Tunnel  Roughness  * 

Although  the  Seattle  District  had  estimated  the  design  condition  Manning’s 
n  of  the  prototype  tunnel  to  be  0.018  due  to  potential  surface  roughness  that 
could  occur  as  a  result  of  the  sediment-laden  flow  at  Mud  Mountain  Dam, 

tests  were  conducted  to  determine  the  effects  on  flow  conditions  in  the  tunnel  • 

and  exit  channel  should  the  prototype  roughness  result  in  a  smoother  tunnel. 

The  tunnel  slope  downstream  from  the  connecting  curve  was  adjusted  to  repro¬ 
duce  the  energy  gradient  for  a  Manning’s  n  value  of  0.013.  This  was  the 
smallest  value  considered  reasonable  in  the  prototype. 

• 

Tunnel 

The  depth  of  flow  in  the  23-ft-diam  tunnel  downstream  of  the  connecting 
curve  is  shown  in  Plate  S3  for  several  flow  conditions  with  the  model  simulat¬ 
ing  a  prototype  Manning’s  n  value  of  0.013.  Flow  exiting  the  connecting  • 

curve  spiraled  around  the  outside  of  the  tunnel  prior  to  settling  on  the  bottom 
of  the  tunnel.  This  condition  is  evident  in  the  highly  variable  flow  depths 
shown  for  the  upstream  section  of  the  tunnel  in  Plate  53. 


Exit  area 

Flow  conditions  through  the  type  7  design  exit  structure  and  into  the  exit 
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channel  (without  taiiwater)  are  shown  in  Photos  24-27  for  the  design  and 
several  other  flow  conditions  with  a  prototype  Manning’s  n  value  of  0.013. 
Water-surface  elevations  are  shown  along  the  left  and  right  walls  of  the  type  7 
design  exit  structure  in  Plates  54  and  55.  Generally,  the  water-surface  eleva¬ 
tions  are  similar  to  those  determined  for  the  rougher  n  value  except  at  the 
downstream  end  of  the  left  wall  where  the  smoother  n  results  in  slightly  higher 
water-surface  elevations.  Exit  structure  pressures  for  various  flow  conditions 
are  shown  in  Tables  21-26.  Generally,  the  pressures  are  similar  to  or  slightly 
higher  than  the  pressures  observed  for  the  rougher  n  value.  The  significant 
difference  was  observed  for  piezometers  1  and  8  (located  on  the  invert)  where 
the  smooth  n  value  resulted  in  signifkrantly  greater  pressures  for  the  higher 
flows. 


Final  Model  Design 

The  trashrack  structure  above  el  960  was  modified  based  on  seismic  design 
criteria  that  the  type  3  design  intake  tower  could  not  accommodate  (type  4 
design  intake  tower).  The  center  pier  was  eliminated,  additional  compression 
rings  were  added,  and  the  shape  of  the  vertical  members  was  modified.  At  the 
request  of  the  Seattle  District,  only  the  vortex  action  within  the  type  4  design 
intake  tower  and  the  flow  profiles  downstream  from  the  gates  to  the  down¬ 
stream  end  of  the  splitter  wall  were  evaluated  in  the  model.  Above  pool 
el  1080,  the  minor  vortex  action  was  usually  located  toward  the  left  side  of  the 
intake  tower  and  usually  passed  through  gate  1.  Some  vortex  activity  was 
always  present  when  the  pool  elevation  was  within  the  intake  tower,  but  the 
vortex  always  remained  within  the  tower.  This  action  was  not  severe  as  with 
the  original  design  and  did  not  appear  to  cause  any  problems  with  the  opera¬ 
tion  of  the  outlet  works.  Water-surface  profiles  downstream  from  the  gates  to 
the  end  of  the  splitter  wall  with  full  pool  and  fully  open  gate  conditions  were 
slightly  more  unstable  compared  to  the  type  3  design  intake  tower.  Some  of 
the  unstable  water-surface  conditions  downstream  of  gate  1  may  be  caused  by 
this  vortex  action.  Reducing  the  gate  openings  to  75  percent  did  not  have  a 
significant  impact  on  the  vortex  action  until  pool  elevations  exceeded  1020.  A 
significant  reduction  did  occur  for  the  full  range  of  pool  elevations  when  the 
gates  were  set  at  50  percent  open. 

The  final  model  design  consisted  of  the  type  4  design  intake  tower  con¬ 
nected  to  the  type  2  design  connecting  curve  by  23-ft-higb  tunnels  with  the 
rectangular-to-circular  transition  located  at  the  upstream  end  of  the  connecting 
curve.  The  type  7  design  exit  structure  was  used  at  the  downstream  end  of  the 
existing  23-ft-diam  tunnel. 
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4  Conclusions  and 
Recommendations 


The  proposed  modifications  to  the  Mud  Mountain  Dam  23-ft-diam  flood 
control  tunnel  and  the  proposed  intake  tower  should  function  satisfactorily  for 
the  design  condition  (pool  el  1215  and  13,000-cfs  discharge)  with  the  type  4 
design  intake  tower,  the  type  2  design  connecting  curve,  and  the  type  7  design 
exit  structure  included  in  the  final  model  design.  In  combination  with  the  9-ft- 
horseshoe  tunnel,  such  operation  of  the  23-ft-diam  tunnel  will  provide  for  the 
project’s  total  authorized  flood  control  release  of  17,600  cfs. 

Average  pressures  along  a  portion  of  the  invert  in  the  bell  mouth  entrance 
leading  to  gate  1  with  the  pool  above  el  1065  and  full  gate  openings  (11.5  ft) 
were  sufficiently  low  to  cause  cavitation  conditions  in  the  prototype.  Average 
pressures  in  this  reach  can  be  increased  to  10  ft  below  the  piezometer  (the 
general  limit  for  cavitation)  by  closing  the  gate  approximately  1  percent. 

Invert  pressures  can  be  significantly  improved  by  limiting  the  gate  opening  to 
10.5  ft  when  pool  elevations  exceed  1065. 

Simulations  of  theoretically  computed  sediment  and  debris  blockages  of  the 
intake  tower  trashrack  for  the  PDF  and  the  SPF  conditions  indicate  that,  with 
pool  elevations  above  1125,  the  intake  tower  design  can  meet  operational 
outflow  requirements  without  exceeding  the  structural  design  criteria  of  a 
maximum  50-ft  pressure  differential  between  the  outside  and  inside  of  the 
trashrack.  Free-falling  flow  conditions  are  possible  inside  the  trashrack  for 
large  gate  openings  and  the  pool  lower  than  el  1110  and  could  result  in  greater 
than  design  pressure  differentials  across  the  trashrack.  Monitoring  of  prototype 
pressure  differentials  and  gate  operations  is  recommended  to  avoid  exceeding 
the  design  pressure  differentials. 

The  23-ft-diam  tunnel  will  pass  more  than  20,000  cfs  with  gates  1  and  2 
fully  open  (11.5  ft)  at  the  1215  pool  elevation.  However,  such  operations  pro¬ 
duce  some  undesirable,  but  not  unacceptable,  flow  conditions  in  the  tunnel 
downstream  of  the  gates.  At  the  1215  pool  elevation,  the  23-ft-diam  tunnel 
will  pass  the  13,000-cfs  design  flow  with  the  gates  open  approximately 
75  percent  (approximately  8.6  ft)  without  the  undesirable  flow  conditions. 
Approximately  the  maximum  authorized  release  of  17,600  cfs  can  be  released 
(16,900  cfs)  through  the  23-ft-diam  tunnel  with  the  gates  open  10.5  ft 
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(91  percent)  without  undesirable  flow  conditions.  This  will  allow  some  addi¬ 
tional  operational  flexibility.  Gate  openings  in  excess  of  lO.S  ft  should  be 
used  only  in  extreme  conditions. 

Vortex  activity  existed  to  some  extent  with  all  intake  tower  designs  tested. 
Although  vortex  suppression  devices  tested  in  some  of  the  intake  tower  designs 
showed  some  degree  of  effectiveness  in  reducing  vortex  strength,  the  inclusion 
of  such  devices  within  the  Mud  Mountain  Dam  inlet  tower  may  cause  mainte¬ 
nance  and  operational  problems  that  could  be  more  severe  than  potential 
vortex-induced  problems.  Such  devices  were  not  tested  in  the  type  4  design 
intake  tower  because  the  vortex  action  was  relatively  weak  and  elimination  of 
the  central  intake  tower  pier  significantly  complicated  the  design  of  such 
devices. 

The  model  tests  were  conducted  with  clean  water,  which  presents  very  little 
resistance  to  vortex  formation.  Confetti  and  surface  foam  tended  to  break  up 
the  vortex  action  indicating  that  the  vortex  was  relatively  weak.  High  flows  at 
Mud  Mountain  Dam  usually  have  high  suspended  sediment  loads  and  a  large 
quantity  of  floating  woody  debris,  which  are  expected  to  inhibit  vortex  forma¬ 
tion.  The  Seattle  District’s  evaluation  suggests  that  a  relatively  low  frequency 
and  short  duration  of  prototype  operation  should  exist  at  the  conditions  shown 
to  present  the  most  severe  vortex  action  in  the  model.  Accordingly,  vortex 
action  is  not  expected  to  be  a  major  problem  in  the  prototype  of  the  type  4 
design  intake  tower. 

The  water  surface  immediately  downstream  of  gates  1  and  2  for  the  23-ft- 
diam  tunnel  was  somewhat  unstable  for  full  gate  openings  and  pool  elevations 
above  1050.  The  model  was  tested  with  walls  23  ft  tall  or  taller  downstream 
of  the  gates  to  the  transition  to  the  23-ft-diam  tunnel.  For  less  than  full  gate 
openings,  the  flow  surface  was  more  stable  with  very  rare  surges  to  the  maxi¬ 
mum  height  shown  in  Plates  49  and  SO.  Generally,  the  maximum  flow  surface 
for  these  conditions  was  less  than  18  ft  above  the  floor  along  the  outside  walls. 
Accordingly,  a  roof  height  of  18  ft  or  more  should  provide  acceptable  flow 
conditions  for  less  than  full  gate  openings.  For  fully  open  gates,  the  18-ft  high 
roof  should  provide  less  than  desirable  but  functional  flow  conditions  without 
causing  the  tunnel  to  prime. 

The  type  2  design  connecting  curve  and  transition  joining  the  new  and 
existing  portions  of  the  23-ft-diam  tunnel  is  hydraulically  superior  to  the 
original  design  horseshoe  connecting  curve.  Tlie  type  2  connecting  curve 
design  allows  the  high-velocity  flow  of  discharges  in  excess  of  13,000  cfs  to 
spiral  around  the  perimeter  of  the  tunnel  with  minimal  flow  disturbance.  This 
design  also  eliminates  approximately  60  ft  of  new  tunnel  construction  with  a 
significant  reduction  in  construction  costs.  Open-channel  flow  is  maintained 
throughout  the  23-ft-diam  tunnel  for  the  range  of  Manning’s  n  values  tested 
(0.013-0.018).  Maximum  flow  depths  in  the  23-ft-diam  tunnel  are  approxi¬ 
mately  12-13  ft  with  discharges  approximately  20,000  cfs. 
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The  type  7  exit  structure  directs  the  outflow  toward  the  left  center  of  the 
oudet  channel  sufficiently  to  meet  the  design  objectives  without  backing  flow 
into  the  outlet  tunnel  for  the  anticipated  discharge-tailwater  relationships.  This 
design  minimizes  the  excavation  required  to  modify  the  existing  outlet  struc¬ 
ture  and  does  not  require  demolition  of  any  of  the  existing  tunnel  resulting  in 
cost  savings  over  the  original  design  presented  in  the  design  memorandums. 
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Table  3 

Tunnel  1  Center  Pressures  G 


K  Blanks  indicate  teat  no  data  wara  obtainad. 


Table  5 

Tunnelj^re^ures  Given  By  Hydraulic  Grade  Line,  Original  Design,  Gate  3  Fully  O 


Gate  1  fully  open  also. 


Table  6 

Tunnel  1  Bottom  Pressures  Given  By  Hydraulic  Grade  Line,  Original  Design,  Gate  1  Open  10.5  R 


Table  8 

Piezometric  Pressure,  Feet  above  Piezometer,  Type  7  Exit 
Structure,  Both  Gates  Open  10.S  ft,  n  =  0.018,  Discharge 

16,900  cfs,  Pooi  Ei  1215 

Pi«zom«t*r 

El  abovo  Roof 

Prassura 

No. 

It 

ft 

1 

0 

9.0 

2 

0 

21.6 

3 

s 

18.7 

4 

10 

17.3 

5 

15 

10.6 

6 

20 

10.9 

7 

25 

4.7 

10 

11 

12 

_13 

14 

15 

16 
17 


5 

295 

10 

24.8 

5 

30.1 

10 

23.9 

5 

30.7 

10 

20.6 

TabI*  0 

Piezomatric  Prassura,  Faat  abova  Piazomatar,  Typa  7  Exit 
Structura,  Equal  Gata  Opaninga,  n  =  0.018,  DIscharga 
17,600  cfs.  Pool  El  1215 


ElaboM  noor 

PrMMiro 

No. 

11 

ft 

1 

0 

9.3 

2 

0 

21.9 

3 

5 

19.6 

4 

10 

17.6 

5 

15 

11.1 

6 

20 

7.6 

7 

25 

5.3 

8 

0 

228 

9 

0 

33.0 

10 

5 

29.2 

11 

10 

24.8 

12 

5 

304 

13 

10 

24.5 

_ 

5 

31.0 

Table  10 

Piezometric  Pressure,  Feet  Above  Piezometer,  Type  7  Exit 
Structure,  Equal  Gate  Openings,  n  =  0.018,  23-Ft  Tunnel  Design 
Condition,  Discharge  13,000  cfs.  Pool  El  1215 


PtoniMtor 

0  abovo  Floor 

Prasaura 

No. 

ft 

n 

1 

0 

7.5 

2 

0 

18.3 

3 

s 

16.9 

4 

10 

14.3 

5 

15 

6.9 

6 

20 

4  6 

7 

25 

3.2 

8 

n 

18.6 

9 

0 

27.9 

10 

5 

244 

11 

10 

19.1 

12 

5 

25.0 

13 

10 

15.5 

14 

5 

23.5 

15 

10 

10.4 

18 

5 

19.6 

17 


Table  11 

Piezometric  Pressure,  Feet  above  Piezometer,  Type  7  Exit 
Structure,  Both  Gates  Fully  Open,  n  =  0.018,  Discharge 

16,365  cfs.  Pool  El  1125 

PI«2Dm«t*r 

El  abovo  Floor 

Praaauro 

No. 

ft 

ft 

1 

0 

9.9 

2 

0 

21 .0 

3 

s 

18.4 

4 

10 

15  8 

s 

15 

10.2 

6 

20 

6.7 

7 

25 

5.3 

8 

0 

22.5 

9 

0 

32.7 

10 

5 

28.0 

11 

10 

24.2 

12 

5 

28.6 

13 

10 

.23.6 

14 

5 

29.8 

15 

10 

21.5 

16 

5 

27.1 

17 


6.9 


Table  12 

Piezometric  Pressure,  Feet  Above  Piezometer,  Type  7  ExH 
Structure,  Both  Gates  Open  10.5  ft,  n  =  0.018,  Discharge 

14,000  cfs,  Pool  El  1125 

PtozoiMMr 

El  abovo  Floof 

Praasufo 

No. 

ft 

n 

1 

0 

7.8 

2 

0 

17.4 

3 

5 

16.0 

4 

10 

12.8 

5 

15 

7.5 

6 

20 

5.2 

7 

25 

4.1 

8 

0 

225 

9 

0 

27,6 

10 

5 

23.8 

11 

10 

19.1 

12 

5 

24.4 

13 

10 

21 .0 

14 

5 

25.6 

15 

10 

15.6 

16 

5 

23.2 

17 


6.9 


Table  13 

Piazomatric  Praaaura,  Faat  above  Piazomatar,  Type  7  Exit 
Structure,  Both  Gatae  Fully  Open,  n  =  0.018,  DIacharga 

14,265  cfs.  Pool  El  1075 

PtomiMUr 

El  aboM  Floor 

Prouuro 

No. 

ft 

1 

0 

8.4 

2 

0 

18.6 

3 

5 

16.3 

4 

10 

13.7 

5 

IS 

8.7 

6 

20 

S.8 

7 

25 

4.7 

1 

9 

0 

28.8 

10 

5 

24  1 

11 

10 

20.9 

12 

5 

25.9 

13 

10 

20.3 

14 

5 

25.9 

15 

10 

17.6 

ir 


Tabl«  14 

Piezometric  Pressure,  Feet  above  Piezometer,  Type  7  Exit 
Structure,  Both  Gates  Fuiiy  Open,  n  =  0.018,  Discharge 

8,SK)0  cfs.  Pool  El  980 

PlaaoiMtar 

Ei  abova  Boor 

Prassurt 

No. 

ft 

n 

1 

0 

7.5 

2 

0 

13.5 

3 

5 

10.3 

4 

10 

7.1 

5  1 

15 

3.9 

6 

20 

0.0 

2S 


6 

0 

14.4 

9 

0 

18.0 

10 

5 

136 

11 

10 

9.2 

12 

5 

13.6 

13 

10 

8.3 

14 

5 

13  6 

15 

10 

6.5 

16 

5 

. 

12.1 

17 


6.0 


Table  15 

Piezometric  Pressure,  Feet  above  Piezometer,  Type  7  Exit 
Structure,  Both  Gates  Fully  Open,  n  =  0.018,  Discharge 


6,300  cfs.  Pool  El  950 


PlazDiiMlar  El  abpw*  Boor  PrMsur* 

No.  ft  It 


1 


2  0  10.2 


3  5 


10 


5  IS  1.8 


li%i] 


[lift] 


8  0  10.8 


9  0  13.8 


10  5  9.7 


11  10  5.6 


12  Is  9.4 


13  10  4.1 


14  5  8.5 


15  10  2.0 


16  5  6.7 


17 


Table  16 

Piezomatric  Prassura,  Faat  above  Piazomatar,  Type  7  Exit 

Structure,  Both  Gates  Fully  Open,  n  = 
2,170  cfs.  Pool  El  925 

0.018,  Discharge 

PteZBiMM 

El  abova  Root 

PraMura 

Na 

fl 

fl 

1 

0 

3.6 

2 

0 

4.8 

48 


17 


Table  17 

Vortex  Formation,  No  Baffles  in  Intake,  Both  23-ft  Tunnc 
Fully  Open,  Original  Design  Outlet  Tower 

»l  Gates 

Pool  El 

R*«ult 

1022 

Rotational  circulation  pattarna  began  to  sat  up.  Small  surface 
Infrequent  vortices  of  short  duration  form.  Smal  pieces  of  tras 
being  pulled  toward  gates  In  spiraling  manner. 

dimples  and 
h  rtoted 

1020-1018 

Clockwise  circulation  pattern  sets  up  over  gate  2.  Core  vortict 
dissipate  over  both  gates,  with  strongest  over  gate  2.  No  notk 
entrainment  of  air  from  surface  to  gate. 

>s  form  and 
ieable 

1017-1010 

Vortices  strengthen  wHh  some  air  being  pulled  below  surface, 
pattein  Is  clockwise  over  gate  2,  counterclockwise  over  gate  1 

Circulation 

1008-996 

Air-ontraiiilo]  vortices  form  over  each  gate,  wUh  strongest  and 
uous  over  g<tte  2.  Some  air  pulled  from  surfoce  to  gate. 

most  contin- 

995-98S 

Very  strong  air -entraining  vortices  nearly  continual  over  each 
Strongest  vortices  form  in  this  range  of  pools. 

late. 

964-970 

Vortices  of  varying  size  and  duration  continue  to  form  and  dist 

tipate. 

969-950 

Numerous  small  cores  form  aitd  dissipate.  Some  air  entrainec 
occasional  larger  vortices,  which  form  and  dissipate  fairly  rapk 

1  by 
lly. 

Table  18 

Tower  Vortex  Formation  with  Type  4  Baffle  in  Place,  Both  23-ft 
Tunnel  Gates  Fully  Open,  Original  Design  Outlet 

Pool  El 

Result 

1022-1019 

Small  cores  rapidly  form  and  dissipate  with  small  amounts  of  air  pulled 
below  the  surface. 

1018-994 

Air-entraining  vortices  form  and  dissipate  over  both  gates,  with  strongest 
over  gate  2.  When  tail  of  vortex  crosses  baffle.  It  is  momentarily  broken  up. 

993-987 

Continuous  vortices  form  over  each  gale,  but  with  less  entrainment  ol  alt. 

986-984 

Formation  of  small  vortices  with  some  air  pulled  below  the  surface. 

983-960 

Formation  of  some  surface  dimples  and  small  cores. 

Mots:  With  the  type  4  baffle  in  place,  the  size  of  vortex  core  formation  is  reduced,  and  the 
duration  of  air  entrainment  is  shortened.  The  range  of  pooi  elevations  at  which  larger 
vortices  occur  is  somewhat  reduced. 

r 


Table  19 

Vortex  Formation,  No  Baffles  In  Intake,  23-ft  Tunnel,  Gates  1  and 

2  Fully  Open,  Type  2  Outlet  Tower 

Pool  Elovatlon 

_ 1 

Result 

" " 

1022 

Rotational  circulation  pattern  begins  to  set  up.  Small  vortices  form  and 
dissipate. 

1020 

Vortex  size  arxl  duration  irtcraasa  slighlly.  Vortex  moves  across  down¬ 
stream  side  of  outlet  tower.  Some  periods  when  no  vortex  is  visible. 

1018 

A  counterclodrwise  vortex  forms  over  gate  2.  Swirls  arxt  surface  dimples 
in  left  side  of  tower  (looking  downstieam). 

1017-1010 

Two  vortices  form  over  gats  2  occasionally  entraining  air.  Length  of  dura¬ 
tion  varies  for  both. 

1008  996 

V^nices  o"  the  down«*eam  side  of  tower  entrain  air.  Vortices  are  not 
continuous,  but  reform  quickly  after  dissipating. 

99S-985 

An  air -entraining  vortex  forms  in  the  downstream  side  of  the  tower  and  is 
nearly  continuous,  with  most  air  entrained  through  gate  2.  Occasional 
formation  of  two  vortices  at  the  same  lima.  When  vortices  collide,  they 
dissipate,  but  quickly  reform. 

984-980 

Air-entraining  vortices  form  over  each  gate.  Duration  Is  not  tong,  but 
vortices  qukddy  reform  after  breaking  up. 

979-970 

Surface  velocity  Increases  In  the  outlet  tower.  Vortices  are  smaller,  but 
continue  to  form  and  dissipate. 

970-960 

Surface  dimples  and  small  vortices  d!  short  duration  form.  At  pool  el  960, 
swirls  arxl  dimples  form  around  piers  on  b<Ah  sides  of  upstream  trash 
racks. 

Nota:  Vortex  formation  in  the  type  2  outlet  tower  is  somawtial  reduced  in  that  vortices  are  not 
as  large  or  continuous  as  in  the  type  t  outlet  tower. 
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Table  20 

Vortex  Beams  and  Vanes,  Type  7  Baffle,  Type  3  Outlet  Tower, 

23-ft  Tunnel,  9-ft  Tunnel  Gate  Closed 

Pool  El 

Raault 

Qato*  1  and  2  Fully  Opan 

1020 

No  vorUcas.  Occasional  auriaca  aiwirts.  Wataf  aurfaca  rela5valy  calm. 

1016 

Santa 

1012 

Occasional  small  vorbcas  atlempl  to  form  on  aurtaca,  dissipala  rapidly. 

1005 

Sama 

1000-996 

Numerous  small-cora  vorticas  form  over  center  lirta  of  tower.  Some  air 
bubbles  and  trash  noted  puled  surface.  Vorticas  are  not  strong  and 

duration  Is  short 

Sama  type  of  vorticas  attempts  to  form  over  gate  1  also. 

965-975 

Surface  swirls,  no  core  vorticas.  Swirls  form  oft  the  cantor  support  d 
structure. 

QaUa  1, 2,  and  3  Fully  Opan 

965 

Vortex  forms  over  gate  3.  soma  air  anftainad.  CXjration  is  generally  short 

990 

Vorticas  form  between  gates  1  and  2.  but  dissipata  fairly  rapidly- 

1000 

Small  vorticas  form  and  quiddy  break  up. 

Tabia  21 

Piezometric  Pressure,  Feet  above  Pi«cometer,  Type  7  Exit 
Structure,  Both  Gates  Fully  Open,  n  »  0.013,  Discharge 
21,500  cfs,  Pool  El  1215 


PtowiMtor 

No. 


El  abovo  Floor 
II 


Ptoaauro 

ft 


Table  24 


Piezometric  Preseure,  Feet  above  Piezometer,  Type  7  Exit 
Structure,  Both  Gates  Open,  n  =  0.013,  23-ft  Tunnel  Design 
Condition,  Discharge  13,000  cfs,  Pool  El  1215 


PtoniMUr 

El  abowa  Hoor 

Praaaura 

No. 

n 

tt 

I  .  . 

0 

18.0 

8 


28.5 


9 

0 

28.8 

10 

5 

24.4 

11 

10 

19.1 

12 

5 

21.1 

13 

10 

18.5 

14 

5 

16.6 

15 

10 

16.6 

16 

5 

1.6 

17 


6.6 


Table  25 

Pfazomatric  Praaaura,  Faat  above  Plazomatar,  Type  7  Exit 
Structure,  Both  Gatea  Fully  Open,  n  s  0.013, 

Dlacharge  15,500  cfs.  Pool  El  1075 


PtamiMMr  El  abov*  Floor  Protaurt 

No.  ft  II 


1  0  18.3 


2  0  22.5 


3  5  10.6 


10  13.4 


5  IS  10.5 


6  20  1.9 


25 


8  0  30.0 


9 

0 

30.6 

10 

5 

26.5 

11 

10 

22.1 

12 

5 

26.5 

13 

10 

21.5 

14 

5 

22.0 

15 

10 

17.9 

16 


5 


17 
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Photo  1  Original  design  outlet  tower  and  near  field  topography 


TRANSITION 


tool  el  1215,  original  design,  discharge  10,200  cfs,  sta  3+65  to  sta 


DOWNSTREAM  END  OF 
SPLIUER  WALL 


Photo  7  Flow  through  fully  open  gate  1  at  pool  el  1215.  original  design,  discharge  lO.'JOO  cfs,  sta  3+65  to  sta  5+00 


Photo  9,  Flow  with  both  gates  fully  open,  pool  el  1215,  original  design,  discharge  19,500  cfs,  sta  3-I-65  to  sta  5+00 


discharge  19,500  cfs 


Photo  12,  Maximum  discharge  condition,  flow 
sta  34^65  to  sta  S-t-00 


Photo  13  Maximum  discharge  corrdition.  flow  through  fully  open  gates  at  pool  el  1215,  type  2  design  connecting  curve,  discharge  19  500  cfs 
sta  5»00  to  sta  8*50 


Photo  14.  Flow  through  fully  open  gate  1  at  pool  el  1215.  type  2  connecting  curve,  discharge  10,400  cfs,  sta  S+SS  to  sta  5+00 


Photo  15  Flow  through  fully  open  gate  i  at  pool  el  1215  type  2  connecling  curve,  discharge  10.400  cfs.  sta  5+00  to  8+50 


Photo  17  Flow  through  fully  open  gate  2  at  pool  el  1215  type  2  connecting  curve,  discharge  10,200  cfs.  sta  5+00  to  sta  8*50 


Photo  19  Design  condition  13,000-cfs  flow  through  equal  gate  openings  at  pool  el  1215.  type  2  connecting  cun/e,  sta  5+00  to  sta  8+50 


"It*! 


SCALE  1  30 
H02f  45 


Photo  22.  Type  2  design  outlet  tower 


Photo  23.  Type  7  design  vortex  suppression  baffle,  looking  down  the  outlet  tower 


Photo  24  Flow  through  equal  gates  at  pool  el  1215,  discharge  17,600  cfs,  type  7  exit 
structure,  no  tailwater,  n  =  0  013 


0 


Photo  26  Flow  through  fully  open  gates  at  pool  el  1050.  discharge  14,300  cfs,  type  7  exit 
structure,  prototype  tailwater  not  simulated,  n  =  0  013 
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